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FOREWORD 



This study was carried out as a joint research 
project between the Ontario Water Resources Commission and 
Mcflaster University^ Hamilton, Ontario. 
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SUMMARY 

For the satisfactory design of aeration tanks as 
reaction vesseLs, both the kinetics of the removal reaction 
and the extent of longitudinal mixing within the reactor 
must be known. This present study attempted to 
guantitatiyely determine mixing levels in a full scale 
aeration tank of length to width ratio larger than that 
normally encountered. 

The dispersed plug flow (dispersion) model was used 
to analyze the experimental response curves* 

The study concludes thati 

( i) The dispersion model adequately describes the extent 
of longitudinal mixing in a full scale aeration tank 
equipped with air diff users. 

I ii) At identical applied air rates, there was no 

significant difference in the dispersion coefficient 
obtained with coarse bubble diffusers ccsnpared to 
that obtained using fine bubble diffusers. 

(ill) For design of activated sludge process aeration 
tanks of length to width ratios of 1011 or less, 
neglect of the longitudinal dispersion coefficient 
will not lead to significant error in predicting the 
output of the reactor if complete mixing is assumed. 
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IMTRODUCTION 

The activated sludge processes comprise a variety 
of biological treatment systems. These processes all feature 
a reactor vessel, or series of vessels/ commonly known as an 
aeration tank. Here, suspended, colloidal and dissolved 
organic waste material is subjected to intimate contact with 
an opt mum quantity of active sludge organisms in an aerobic 
environment. After an appropriate reaction time, the 
clarified reactor effluent should have considerably lower 
organic content than the influent waste water. 

For the satisfactory desi^gn, of the reaction vessel, 
the kinetics of the removal reaction must be known. However, 
with the kinetic information only, prediction of the 
performance of such a design is restricted to one of two 
idealized flow systems, plug flow or backmix (completely 
mixed) flow. If the reactor design closely approximates one 
of these ideals, then it may be considered, with negligible 
error, that the system has an idealized flow pattern. In 
some cases, deviation from ideality may be considerable thus 
requiring knowledge about the flow characteristica of the 
reactor contents, e.g. - the extent of longitudinal mixing 
within the reactor. The residence time distribution of 
fluid in a reactor may be used to estimate these characteristics. 
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For a first order reaction, the exact performance of the 
vessel as a reactor may be predicted only if the degree of 
longitudinal mixing can be qnantitatively determined. For 
reactions independent of aubstrate concentration, i.e. zero 
order, the level of mixing has no effect on the degree of 
conversion, for higher order reactions, only the limits of 
conversion may be determined when the degree of longitudinal 
mixing is known. 

Previous work by Timpany (1) indicated that the 
dispersed plug flow (dispersion) model adequately described 
tile longitudinal mixing conditions of a laboratory model 
spiral flow aeration tank. The dispersion model is based 
mm a backmixing equation analogous to Fiek'a second law of 
molecular diffusion. The solution of this equation for a 
pulse tracer input gives a family of response curves with 
the intensity of dispersion as the parameter. A character- 
istic feature, the peak time, of the experimental response 
curve was used to predict the theoretical response curve 
generated from the dispersion model. 

The present study was carried out in order to 
determine if the dispersion model adequately described 
mixing conditions in a full-scale aeration tank- The 
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applicability of the aodal fox uae in pradicting aeration, 
tank perfomance was eyaluatad through a coinparison of 

■th.aoretical and experiiiiental respona:© cTjirves for 8.ev©ral 
conditions of varying air and water f lovf rataa . In addition, 
the effa.ct O'f the dlffuser type on. the misclng level was 
investigated. The variation in the response curve due to 

tha partitioning tlia teat t.ank into: two' equal Bizad tankai'Ni^ 
In-saries was also investigated. 

Currently, the concept of a completely mixed 
aeration system for biological wastewater treatment systems 
is enjoying immense popularity. Frequently, such a system 
is claiined for a particular design; yet quantitativa 
knowledge as to the dagrae of mixing within the aeratioxi 
ays ten is hot ascertained. 

•fhia study atteffiptei to quantlt^atively determ.liie 
the degree of longitudinal mixing taking place in aeration 
taiiks of length to width ratios larger than those tradition- 
ally encountered;, ^no^ther object of the stMdy was tO' X:@v@a1, 
whether, for given, oparating oondltionS', nagl'act of the 
longitudinal disperBlon coefficient will lead to a aignificant 
error in calculating the extent of conversion of the reactor. 
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THEORETICAL DISCUSSION 

In an attempt to characterize nonldaal flow 
patterns withiii reactor vesselSf several model types have 
been proposed. "Mixed models" have been used to describe 
a system (reactor) that can be visualized as being sub~ 
divided into various flow regimes connected in series and/ 
or parallel. Such a model has a finite number of stages, 
e.g. stirred tank, plug flow, stagnant volume, recycle 
flow, by-pass flow and cross-flow. Some authors, Milbury 
jfe mi (196S), Chollette et ^ (1960), and Silveston (1966), 
regard the multi-model approach as satisfactory for 
describing nonideal flow systems. While the mixed model can 
be used in predicting conversions of higher order reactions 
more readily if the order of components is known, it is 
difficult to visualize a model that has little if any 
resenOslance to the actual flow situation within the reactor. 
Response studies do not indicate the sequence of components 
of the mixed model. For non-linear kinetics, this sequence 
of componeiitSi me time schedule of mixing, affects reactor 
performance. 

The results of extensive studies concerning reactor 
flow characteristics have been published in the chemical 
engineering literature. Several authors, Danckwerts (1953), 
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Levenspiel (1957) (1962), Bischoff (1962), and Van der Laan 

(1958), consider that longitudinal mixing in reactors may be 
described as a diffusion process. The "Dispersion model" 

(dispersed plug flow model) draws an analogy between mixing 
in actual flow and molecular diffusion. Hence, backmixing 
of fluid flowing in the x-direction may be represented by an 
equation similar to Pick's second law of molecular diffusion. 
With a uniform intensity of backmixing, the equation ist 



2, 






wheore the parameter D is the longitudinal dispersion 
coefficient, uniquely character issing the degree of back- 
mixing during flow. The development of this approach has 
previously been considered to be limited to flow through 
tubular and packed bed reactors. In such considerations, 
the term "dispersion" includes molecular as well aa 
turbulent or eddy diffusion. The term "longitudinal" is 
used to distinguish mixing in this direction from mixing 
in the radial direction, which is not considered. In the 
application of the dispersion model, lateral dispersion is 
considered to be great enough to ensure a uniform tracer 



coneentration at any given cross sect ion. The advantages of 
a one^parameter (D) model are consideraJsle, yet Silveaton 
(1966) conaidefed that the one-parameter model is difficiilt 
to fit to experinaental data, 

A mass balance over an elemental cross section of 
tank yields the following i 
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wherei B - Longitudinal dispersion eoeff icient (ft^/hr) , 
€ ■ concentration of tracer (mg/1) , 
X - distance along tank length (ft) , 
n ■ bulk velocity along tarfc length (ft/hr) , and 

The solution of this second order differential 
eqpiation for a tracer pulse input to a closed vessel is then 
required. Timpany (1966) presented the flolutlon for a pulse 
input response curve ("C" curve) , for a reactor with fixed 
end boundariea, as determined by both Miyauchl (1953) and 
Thomas and MdCee (1944). This specific solution lai 

^ - 2 ) ^n (U 8ln-^n * ^n coa ^ny u' + ^n^ , 
=0 rri (U' + 2U + >.„-) ^ «P "- 20 " ■ I (3) 
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where; C = exit concentration of tracer at time t (mg/l) , 

€ = 'wmaa of tracer added, dividecl bj nominal tank 



U 



volume (ing/l) , 
2D' 



L a tank letigth (ft), 

,-1 



Ji 
^11. 



eot 



2 ^ tl ^n ' 



f and 



# :b iblne divided by the tbeoretieal detention 
time Gaiculated frcnn tai^ voltsitie and flow 

■rate , 
This expressioh may ..be 'uaed to generate a f.amlly of cyrvea 
with D/uL| the dispersion nunOsar, as the parameter. 

?he applicability of a particiilar model in 
prediGtlng reildeAoe time dia'tribittions may be cO'ELf irmad by 
comparing the experimental tracer reaponse curve to the 
theoretical, reaponse curve. This theoretical curve is 
fenerated uslnf a characteriatic featiyre of the experimental 
curve. Previously, the variance of the experimental response 
curve was used to determine the value of the dispersion 
number J P/uIi. \Fati der Laan (1958) has shown thati 
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2 
Where t c5 » variance or second mioinerit of a curve about itB' 

mean. 
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Tiiiipany (1966) found that, with high degrees of 
dispersion, the variance technique was inadequate as values 
^^ Cq/4000, and leas, had to be accurately deterniined using 
comnion laboratory equipiient. In addition, tests would have 
to be continued for at least ten detention times to 
accurately calculate the variance of the responae carvei 
the long tail becames dcatiiinant In calculating the second 
moment of the curve. For the long detention times involved 
ill full scale testing (4 to 15 hr) , an extensive test 
program would be difficult to carry out. 

In analyzing experimental response curves 
obtained, Tiiipany (1966) used the time of peak exit 
concentration to predict the D/uL value for the theoretical 
dispersion model, Iquation (3) was differentiated^ set 
aqmal to zero, and Bolved for the &, or t /t, value 
associated with each D/uL, This peak time technique was 
found to provide an adequate fit of the theoretical to the 
experimental reBponse curve. The following approxiiiate 
•aiplrieal relationahlpa as determified by f impany (1966) were 
usedi 



D to '^-^^ / tn / 

— - 0.2{^) for 0.03 < |£ < 0.a 



mmd D' 



^ - 4.027(10)~2-^9(tp/t) ^^ ^3 ^Mio.B 



m 



m 
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wkeras tp « tiJtS^ of peak exit concentration (hr) , and 
t m theoretical detention tiine (hr) , 

Timpany and Murpliy (1967) considered that the 
diapers ioii roodel appeared to be an adequate model to descrilbe 
spiral flow aeration tanks. These investigators obtained 

response curves from both a full scale prototype tank and 

th 
a 1/13 geometric scale laboratory model. Their prelimxnary 

results suggested that the ascial dispersion coefficient, D, 

for the prototype equaled that of the model divided by the 

square of the scale factor, h similar factor was proposed 

by Danckwerts (1953) when considering sGale-up of rotating 

stirrers. 

The residetice time diatribution (RTD) does not give 
1^e exact flow pattern in the reactor. As indicated by 
Dawkins (1963), it is possible to have an infinite number of 
different flow models all yielding identical res pons e curves. 
In msing RTB'Si the tine schedule of mixing of reactor 
contents is not known. Prediction of reactor performance by 
the use of the RTD and kinetic rate constant is then limited 
to reactions unaffected by this tiine schedule of mixing, i.e. 
first order reactions. Such predictions are also limited to 
isothermal reactiona. For second order reactions, or non» 
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isothermal reactions, only the limits of the extent of reaction 
may be calculated from the RTD and rate constant information. 

In predicting reactor performance for an isothermal 
constant volume first order reaction, a mass balance on an 
elemental section of reactor length yields the following 
differential equation (Danckwerts (1953) )i 



2 

d c u dC kC . . 

-2 " D dx " D '^ " ^'' 



where I C is the concentration of reactant at cross section 
X, and 
k is the reaction constant in time 
This equation has been solved analytically by both Danckwerts 
(1953) and Wehner and Wilhelm (1956) . The solution obtained 



[1 uL 
2 D J 

m ' (l+a)2 exp gg- d-a") exp [f^ 



Q 4a exp 



m 



where I a "Jl + 4kt (D/uL) , and 



C 

•~r- » fraction of reactant unconverted, 

G 

lit 



1 
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When D = o, equation (8) becomes 

§- ^ e~^t . (9) 

Q 

which is the soliition for plug flow, and when D = «iO , 
equation (8) takes the forras 

^^— ss .j-Jk — _ t (10) 

e. 1 + kl - ' 

'9 
tlie solution for a Gompletely mixed reactor. Levenspiel and 
Bischoff 11959) have solved equation (7) numerically for 

second order reactioiig'* 

Although the completely mixed system haa considerable 
advantages, e.g. reduced effect of shock loads, more stable 
operation and more uniform oxygen requirements, the major 
disadvantage in such a syatem is the redueed substrate removal 
as compared to that obtained by a plug flow system. This 
becomes readily apparent when comparing equations (9) and (10) * 
The plug flow system is somewhat unstable in its operation as 
small changes in operating conditions, not damped as in the 
completely mixed system, may severely affect reactor 
performance. , r 

Milbury at al (1965) prftsented laboratory results* 
indiemting Increased substrate removal obtained by operating 
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a tank— in^series vesa©I as compared to a completely mixedl 
system. Tliia flata was questioned by McKinney (1965) who 
claimed better performance from tliree parallel tanks as 
opposed to tbree tanks-^iti- series , However, under tlie 
enperimental conditions reported by McKinney, the oxygen 
demand in the first tank exceeded the oxygen transfer 
capacity. This seMrerely limited any significant concluaiona 
that could be dra%m from such a study. 

McKinney (1962) also claims that when the aeration 
tank contents are completely mixed, the resulting activated 
sludge process is distinctly different from the conventional 
activated sludge process. Unfortunately, the "conventional 
activated sludge process" was not defined with respect to 
the parameters defining mixing levels - 

A thorough review of all aspects of flow patterns 
in ehemical react or a may be found in the discussion by 
Ijevenspiel and Biachoff (1963) . This complete die cuss ion 
covers the concept of residence time distributions, dispersion, 

mixed and tartcB-in-aeries models, and the application of 
monideal patterns of flow to chemical reactors. Over 300 

references are included. 



-_ • r0^f--"^iig. 
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Extensive laboratory studies by Thomas and McKee 
(1944) indicated tbat the tank tended to greater mixing with 
increased air flow rates and with distributed hydraulic 
loading, fttt- excellent" review of the sanitary engineer iia|'^ 
literature dealing with mixing considerations was presented 
by Timpany (1966). jynong others, he reviewed the previous 
work of Calvert and Bloodgood (1934), Hasseltine (1932), ~ 
Kessener (li3S), and Kehr (1936), who all found considerable 
mixing of aeration tank contents taking place. Although many 
investigations have been carried out, the present situation 
was adequately described by Tinipany, "A better understanding 
of the ffiechanisn of reiitoval and the fl^ti character is tiea ia 
essential for a inore rational design of activated sludge 
aeration tanks" , 



#* 
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EXPERIMBMTAL EQUIPMENT AND TECHNIQUES 

A* Description of System 

Tli© aeration tank usiedi for tine test prograra was one 
of six aaration tanks at tine Burlington Skyway Water Pollution 
Control Plant, Burlington, Ontario. Each aeration tank, 270 
ft X 27 ft X 15 ft S.W.D., contains a 14 in. diameter air 
header, the centre line located 24 in. above the tank floor 
and 36 in. from the wall. Diffusers may be installed at 18 
in. oentres on each side of the header. All aeration tanks 
nerfli initially equipped with fine bubble diffusers. Process 
air is supplied by three Gentrifugal compreasors having a 
inaxiiauii discharge of 4000 scfii each. A 36 in. diameter main 
header distributes air to the six branch headers, each equipped 
with a butterfly valve capable of throttling the air flow to 
that particular aeration tank. 

Raw water drawn from Hamilton Harbour was discharged 
into the test tank through a 12 in, inlet located at the 
vertical centre line of the tank and 7 ft below the liquid 
surface. Effluent was discharged over a standard weir covering 
one-half the width of the tank. A 2 1/2 in. foam control spray 
line was located along the length of the test tank. This line 
conta^ined 50 spray no;^.zle0 S'paced at S ft interval3>« 

Water flow measureiiients were made using a ventmri 
flow nozzle installed in the water feed line. This nozzle was 
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supplied as having an, aGcujfacy of + 3 pereeiit uncalibrated. 

Air flOT^s to til© teat tank were measured using a 
5/16 in, diaraeter standard steel pitot tutoe. This was the 
only possible method of meaauring the air flew to the test 
■©etton without interfering with normal plant operation. 
Using the orifice flow meter installed on the 36 In. main air 
header and by shuttihg off the air supplied to the rest of 
the plant, it was found that the pitot tube ga^e resultB 
ranging from 10 to 30 percent lower than the actual flow rate. 
Thm extreme error in air flow roeasurement occurred when the 
butterfly valve was throttled consider ably i this was required 
when coarse bubble dlffuaerfl were installed. These lower flow 
readings were attributed to the non^ ideal location of the 
pitot as I 
!# . The pitot was installed in the 12 in. air header 

only 36 in. downs treaii from the connection to the 

36 in. air header, and 
ft* The butterfly control valve was located approximately 

12 in. downstream of the pitot. 

These eKtreme errors in air flow measurement were 
overcome by preparing a curve of flow rates indicated by the 
pitot against those indicated by the orifice meter. This 

"correction curve" is shown in Fig. 1, For the tests using 
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the coarse bubble diff users, the air flow rates recorded were 
those obtained using the "correction curve". Fig, 1. As 
previously mentioned, the pitot tube was the only means of 
determining air flows to the test section. Process air could 
not be shut off, even on an intermittent basis, during the 
test program, a period of approximately four months . Process 
air temperature and pressure were recorded continuously. 

A shelter located at the effluent end of the aeratidn 
tarfc housed the tracer monitoring equipaent. This consisted of 
a O.K. Turner & Associates Model 111 recording fluorometer and 
a Bausch and Lomb V.0.M.-5 strip chart recorder. Fluorescence 
measurements were made using primary filters 1-60, and 58 and a 
secondary filter, 23A. A laboratory pump was used to 
continuously sample the effluent at a rate of 100 ml/min. 
This sample was taken at a location 5 ft from the side wall 
opposite the air header, 2 ft below the liquid surface and 3 
in. from the tank end. After passing through the fluorometer, 
the temperature of the effluent saunple was determined at 
periodic intervals during the course of a test. 

Two types of diffusers were used in this scudy. One 
was a fine bubble device described as a "Precision Ttibe" by 
the manufacturer, Chicago Pump Company of Chicago, Illinois. 
This diff user is a 3 in. perforated ribbed metal cannisteri 



FIGURE t 
PLOT OF AIR FLOW MEASUREMENT BY PITOT 
Vs 
AIR FLOW MEASUREMENT BY ORIFICE 
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24 in. long, that is wrapped in Saran cord. The other 
diffuaer used was a coarse bubble device^ a "Sparjer", 
supplied by Walker Process Equipment Incorporated, of Aurora, 
Illinois. The Sparjer orifices were 7/32 in. in diameter. 
. Even air distribution along the length of the header was 
assumed as the diff users were evenly spaced throughout the 
tank length. 

In order to determine the response of two equal 
tanka-in'^series, a partition was installed across the entire 
tank width at the 135 ft tank length. This partition was 
made of 1/2 in. plywood supported by 2 in. x 4 in, frames. 

B« Description of Experimental Procedure 

file tracer used in this study was Cannroercial 
Ehodamine B Extra, supplied by OuPont of Canada Limited. As 
a wide range of fluid temperatures would be encountered, and 
since fluorescence intensity increases with decreasing 
t«aperature, it was necessary to determine the relationship 
between fluorescence intensity and temperature. Fluorescence 
readings obtained during the tests were converted to standard 
fluorescence readings at 20 C. Frcnn the work of Feuerstein 
and Selleck (2) it was noted that Rhodamine B has a 
photochemical decay half-life of 31 hr. While this decay 
rate determination was a qualitative measure only, such a 
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lia,lf-*,lif-e' was 'not thought to yield erroneoua rasultis in, 
residence time studies of short duratlori. The effect of 
Biispended so.lida at ttie <c;0'iiceritratio'ns< encoun'tered was 
considered negligible. Samples of Hamilton Harbour water 
were analyzed as follows t 

TABLE I 
HAMILTON HARBOUR* WATER QUALITY 

BOB 



JsaZL 



Date 


PH 


Total 
Alkalinity 
AS CaCO- 
mq/1 






1967 






May 17 


7,4 


105 


■Lfune 6 


7.6 


106 


July 4 


7*0 


it 


Jtily 10 


7-3 


102 


Aug, 22 


7.6 


109 


Attg- M 


8.1 


ii; 


Sept» 9 


7.5 


110 



Turbidity 


Total 


as SiO„ 


Kjeldahl 
as M 


mg/1 




mg/1 


14 




4.8 


11 




__ 



3.9 



11 

12 

12 



1,1 



0.5 



* iamples taken in vicinity of WPCP raw water Intake. 



Ho background f Luorescence in the Hantilton Harbour 
water was measur'able at any t,im©, using the fltior^onieter range 
■ensitivity (xlQ) that was used throughout the tests. 
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In studying the mixing characteristics of the 
diff users, statistical techniques were used in planning the 
experimental program and in interpreting the results. An 
experimental design test program was used to determine the 
main and interaction effects of the detention time and air 
flow rate on the dispersion number. 

Prior to a teat, a (juantity of tracer was weighed 
(usually 300»400 gm) amd dissolved in 5 gal of water. Air 
and water flow rates were adjusted and one hour later the 
tracer solution was added to the influent end of the tank. 
It was considered that this method of dye input approximated 
an ideal pulse function. An experimental tracer response 
curve was then obtained. 

The tracer measurement wa.s discontinued after the 
well-defined peak of the response ciirve was obtained. This 
resulted in a response curve that was truncated, usually at 
less than one nominal detention time. Response ctirves of 
several detention times in duration were not obtained due to 
the test time required (24-<48 hr) coupled with the additional 
time required to wash out the tracer in preparation for the 
following test. Only two or three tests could then be 
carried out in a week* 
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As Timpany (1966) has pointed out, after one 
detention time, the tanks-in-series, completely mixed, and 
dispersion models all predict essentially the same response 
curve for the relatively high mixing levels considered. 

For the first series of tests, 344 "Precision Tubes" 
were installed in the test tank. These diffusera were evenly 
distributed along both sides of the air header. Since there 
was a tendency for the dye to cause foaming when using the 
fine bubble diff users, it was necessary to use the foam 
control spray line. Water delivered by this line was 0.8 IGPM 
pipf nozzle or 40 IGPM. In analyiing the results, this extra 
water flow was neglected. 

file second serieii mt testa were carried out using 178 
Sparjers installed on 18 in. centres on the wall side of the 
air header. The spray line for foam control was. not in use 
during these tests. Due to the lower pressure drop across the 
diff users compared to the fine bubble devices in the other 
tanks, it was necessary to almost completely close the butterfly 
valve controlling the air supply to the test section. This 
resulted in the extreme errors in the air flow measurements 
using tiie pitot tube. 

The tests oil two tanks- in-series were performed using 
"Sparjers" as the aeration device. 



C.^ plources of Error 

The prime consideration of this program was to 
determine whether or not the dispersion model could adequately 
describe the longitudinal mixing taking place in a full-scale 
aeration tank. Lack of fit between the theoretical and the 
experimental response curves should be accounted for. slight 
discrepancies between the two curves could be attributed to 
the followingt 3 per cent error in water flow measurement, 
fluorescent tracer decay and/or adsorption by suspended 
solids or concrete walls, error in determining temperature at 
which the tracer concentration is determined, and neglecting 
spray water flow. These errors were considered minimal. 

' As previously mentioned, air flow measurements 
when using the fine bubble diffusers indicated slightly lower 
flows than actual. This minor systematic error should still 
allow a quantitative relationship between the dispersion 
coefficient and the air flow rate to be determined. An 
expression could be derived and, although not absolute, such 
an expression would indicate the effect of increased air 
flow on the dispersion number « The degree of longitudinal 
mixing associated with each type of diffuser could also be 
compared. 
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The titfo principal assumptions made for ttiis studY 

9he metliod of d^m input approximated a pulse 

funetion, and 

There was uniform air distribution to the diff users 

along the lenftli of the air header. ~' 



The physical magnitude of the experimental system 
precluded obtaining an ideal teat situation. Such oonditiona 
as poor teBt media, foaming of tracer, tracer adsorption hj 
conGrete, and difficulty in air flow meaaurement were 
encountered. 



'i«&u«Mt:f2ij..is, Ailiti, 



..■!4iaaS.Siiaisiii^i5afc.s£2. r. 
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EXPlRlMENTMi RESULTS 
h. Data Ana^L^aij^ 

Xh& data froit ttie tracer response curves obtained 
during the testi were transferred to data cards by taking 
fluorometer readinga at equal time intervals. A eamputer 
programme was written to analyze tlie Individual teat results. 

Fluor ^neter readings were converted to readings 

o 

*t 20 C and tlien tracer concentrations were calGulated. 

The time of peak exit concentration was deterniined froii the 
response curve and the diapers ion nunber D/iaj was calculated 
UBing equation (5) or (i) . 

In order to conpare the exparimental response 
curves to the theoretical curves gen'sarated using eepiatlon 
(3), the ejcperimental curves were reduced to^ dime:nsionlesB 
plots of C/Co vs t/i, A plotting routine was ineorporated 
into the programme to allow both the theoretical and 
experimental response curves to be printed flimultaneously. 

B^ Experimental Resulta Using Fine Bubble Dlff users 

The dispersion eoeffieient (D) was determined 
using "Preeiaion Tube" diffuaers for air rates of 700 to 
2770 sefm or 6,4 to 25.3 scfm/1000 eu ft tarfc volume. 
These correspond to unit air rates of 2,0 to 8,0 scfm per 

dlff user. In addition, response curves were obtained over 
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the range of liquid detention timea of 4.75 Tir to 13.20 hr. 
The experimental results obtained using the "Preeision Tubes" 
are suinmarized in Table II. 

Typical experimental response curves obtained are 
shown in Figs, 2 and 3, The theoretieal response curves 
calculated frcsra the experimental peak times are also shown 
in Figs. 2 and 3« 

The analYsis of variance yielded the following 
results. Only the first order effect of air flow on the 
dispersion Goefficlent was significant. Second order and 
inter aetion effects of air and water flow rat@B were 
ins ignif leant. The effect of the water flow rate (detention 
tlBie) on the dispersion coefficient was also insignificant, 
from the analysis of variance, an expression describing the 
effect of the air flow rate on the dispersion coefficiont 
over the range of applied air flows of 700 scfm to 2770 scfm 
was obtained. This expression is a 

D - S340 + 0*64 Q 
whore D » longitudinal dispersion coefficient (ft^Ar) 
ahd,, 
Q - applied air flow rate (scfm) » 
This expression was obtained from the analysis of 
variance that is part of the experimental design that was used. 



^^. 
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TABLE II 



EXPERIMENTAL RESULTS USING FINE BimSLE DIFFUSERS 



Test Air 
No. Flaw 
scfm 



Water 

Flow 

IGPM 



Theoretical 

n 
Det Time 

lir 



Peak 

Time 

hr 



Associated D^ 
D/\1L ft /hr 



4 


1740 


1260 


9.01 


2.85 


0.879 


7110 


i 


1750 


860 


13.20 


3.61 


1.130 


6240 


i 


990 


1890 


6.01 


2.77 


0.437 


5310 


10 


2530 


1260 


12.01 


3.56 


1.014 


6150 


11 


2770 


1260 


9.01 


3.06 


0.786 


6360 


12 


930 


950 


12.01 


3.75 


0.897 


5440 


13 


700 


1260 


9.01 


3.60 


0.587 


4750 


14 


1790 


2390 


4.75 


2.25 


0.412 


6320 


15 


1730 


1260 


9.01 


3.00 


0.811 


6560 


16 


1730 


1260 


9.01 


3.08 


0.777 


6290 


18 


1730 


1260 


9.01 


3.20 


0.729 


5900 


19 


1730 


1260 


9,01 


3.06 


0.786 


6360 


20 


2360 


1910 


5.94 


2.58 


0.497 


6100 



"'!?|!,--«6Tf -^^ ■ i^iy ' -.J urfiF.'- _ 



FIGURE 2 
EXPERIMEN'mL ANO THEOeETICAL RESPONSE CUR V El 

TEST No. 13 
FINE BUBiLI DIFFUSERS 
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FMSURE 3 
IMPEWMENmL AND THEORETICAL REgPONtE CURVES 

TEST No. IS 
FINE BUBBLE DIFFUSERS 
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C. Experimental Resulta Uaing Coarse Bubble DlffuserB 

Hitli Sparjer diffusers Installed in the aeration 
tank, response curves were obtained over tlie range of air 
flows of 2350 Bcfm to 2960 Bcfm {21.6 to 27.2 ecfm/1000 
cu ft tank volume) and over the range of liquid detention 
times of 4.75 hr to 13.28 hr. The air flow rates applied 
correspond to unit air rates of 13.1 scfm to 16.5 sefm 
per diffuser. Table III sunraiarizes the experimental 
reaul.tB obtained using Sparjer coarse bubble diff users. 

Typical response Gurves obtained using Sparjers 
are shown in Fig. 4 and 5, From the analysis of variance , 

the following results were obtained« Over the range of 
air and water flow rates studied, the effects of both the 

air and water flow rates were insignificant. The significant 

2 
value of the dispersion coefficient obtained was 6760 ft /hr. 

D. Experimental Results tJsing 135 ft Length Tank 

Two response aurves were obtained using the 135 ft 
length tank at a liq[uid detention time of 4.5 hr and an 
applied air rate of 1350 acfm (24.6 sefm/lOOO cu ft tank 
volume) . (Air was applied at a rate of 2690 scfm to the 270 
ft long tarik (24.6 scfii/lOOO cu ft tank volume) . Equal air 
distribution between the tmo 135 ft tanks was assumed.) 
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TABLE III 



EXPERIMENTAL RESULTS USING COARSE BUBBLE DIPFUSERS 



Test 
No. 



Air* 
Plow 
acfm 



Water 

Plow 

IGPM 



Theoretical 
Det Tune 
hr 



Peak 

Tlxae 

hr 



Associated D 
D/ul ft /hx 



102 


2700 


1270 


i.94 


2.96 


O.ilB 


6670 


103 


2600 


1270 


8.94 


2.75 


0.916 


7470 


104 


2970 


1890 


6.01 


2.33 


0.623 


7S60 


lOS 


2350 


1260 


9.01 


3*0i 


0,773 


6250 


107 


2380 


1910 


5.94 


2.33 


0.611 


7490 


im 


2640 


2390 


4.71 


I. If 


0.447 


6860 


Ul 


2960 


1260 


9-01 


2.74 


0.932 


7540 


112 


2970 


945 


12.01 


3.04 


1.253 


7610 


U3 


2690 


1260 


9.01 


2.92 


0.847 


6850 


114 


2690 


1290 


8.80 


i.ii 


0.816 


6760 


115 


2690 


1260 


9.01 


3.00 


0.811 


6560 


XX% 


2690 


860 


13. 2i 


3.58 


1.152 


6320 


117 


2420 


94S 


12,01 


3.25 


1.146 


6960 



•Correeted using Figure 1, 
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FliURE 4 
EXPEIIMENTAL AND THEORETICAL ■RESPONSE CUiRVES 

TEST No, III 
COARSE iUBBLE DIFFUSEIS 
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FIGURE 5 
EXPERlMENmL AND THEORETICAL RESPOiSE CURVES 

TEST No. 1 14 

COARSE BUBBLE DIFFUSERS 
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The diaper a ion nunflbera obtained for these two 

tefl.ta W'©re 1..18 and 1,. 16. The correal ponding dia'persion 

2 2 

coefficients were 47 90 ft 'Ar and 4690' ft /hic reiapectlvely. 

One O'f the reaponae eurvea obtained is; shown In Fig. 6. 



1. Experimental Results Using TwO' 135 ft Tanks in Series 

The experimental reaponae curve obtained frai 

two tanka-in-^'Series,, equipped with coar'se bubble diff users, 
is shown in Pig. 7. Also shown in Fig* 7 is the responaia 
ourve obtained under the same conditions, of air and water 

fl'OW« but without the partition in the tank. 






FIGURE 6 
EXPERIMENTAL AND THEORETICAL RESPONSE CURVES 

TEST No. 300 
135 FT. TANK LENGTH , COARSE BUBBLES DIFFUSERS 
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FIGURE 7 
EFFECT OF R^RTITIONING TEST TANK 
DiMENSIONLESS RESPONSE CURVES 
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DISCUSSION OF RESUIiTg 

A. Use of Dlflperaion Mc?dai 

For all the ex^erinieiital responsa curves obtained 
under a variety of test conditions, the use of the peak time 
teehniqme, using equations (5) or (6) , proved ef feetive in 
predicting the associated theoretical responae curve, 
generated using the dispersion model « 

When Gonaiderinf the use of the dispersion model 
to isicrib© the mixiag taking place, the promiinent features 
of an experimental response curve must be recognised. For 
all the experimental curves obtained, there was a considerabli 
laf time until a Bignificant amount of tracer reached the 
•liife. In aome testa, the lag time was ma ^aat as 30 min. 
fhis time lag is significant as the normalised response curve 
also reprasents the exit age distribution function. Thus 
sufficient time is allowed for adsorption of most of the 
sewage pollutants with no raw sewage leaving the aeration 
tank iimnediately. The actual responae curves all featured a 
lag timmi an initial positive curvature followed by an 
inflection point and a negative curvature. Even though a 
finite stage model can be used to predict a tlma lag, these 
other typical features of the experiiMntal response curve 
cannot be readily predicted with any model other than the 
dispersion model. 
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This agreement between tlio exparliBental and 

calculated reiponse curves as shown in Figs. 2, 3^ 4, S, 

and 6, indicatei that the disperflion model deicrlbei the 

longitudinal miacing taking place In a full»acale aeration 

tank equipped with air diffuflers. 

Bf Egfecta of Water Flow, Air Flow, and pif fuggy TVPiS 

Uiing the fine bubble diff users. Fig. B ahowa 
the of feet of liquid detention time (water flow rate) on 
the disperflion coefficient, D, and on the disperBion 
nuiriber, D/ijl,. Siailarly, Fig. i illustrates the effect 
of liquid detention time on D and D/uL, using coarse 
bubble dif f users . 

For both diffusera studied, changing the water 
flow rate had no effect on the diaperflion coefficient, D. 
fhiiBa results are In agreement with those found by Timpany 
(1966) . Changing the water flow rate affects oijlf the 
longitudinal bulk velocity, u, thus altering the diapers ion 
number, D/^. As the liquid detention time incraasea, the 
"«" term decreasea and complete mixing is approached, i.e. 
D/uL — ^&&, Timpany (196i) found that for a eonstant air 
flow and detention time, D/uL can be considered a constant 
over the range of 11 to 30 defrees Centigrade. 
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RSUflE i 
EFFECT OF IMTENTIOii TWm ON D Am D/UL 
UStN€ FlflE KlSa^ DIFFUSIRS 
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FliURE S 
EFFICT OF OETEHTION TIME ON D AM) D/UL 
USING COARSE BUBeLE DIFFUSEBS 
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ThB results obtained When using the Precision 
Tubes indicated that only the first order effect of air 
flow on the dispersion coefficient was significant. In the 
statistical analysis of the results, significance was tested 
at the 95% confidence level. 

h plot of the dispersion coefficients obtained 
for various applied air rates is shown in Fig. 10. These 
results were obtained o^ter a range of applied air rates of 
2 to 8 Bcffli per diffuser* The design air rate for these 
diff users is 4 to 8 scfm/diffuser. When using this particular 
experimental design, the results obtained apply only within 
the lisnits of experiiaental conditions studied. Fig. 10 
indicates that a diminishing increase In mixing is obtained 
for increasing applied air rates* This result is similar to 
that obtained by Timpany (1966) when he studied fine bubble 
oaramio diff us era* 

This effect is also confirmed if significance is 
tested at the 99% confidence level. The second order 
effect of air flow rate then becomes significant and the 
coefficient of this second order term is negative. 

As previously stated, the dispersion coefficient 
is described ast D ■> 5340 + 0.64 Q . This expression was 
derived from the experimental design used. However, the 
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least squares expression relating D to Q isi 

203 
D = 1349(Q ) . The Gorrelation coefficient for tliis 
A 

log-log regression was 0.781.. 

.' With ^e Spar jers installed, the test results 
indicated that the applied air rate had no significant 
effect on the dispersion coefficient within the range of 
applied air rates studied (13.1 to 16.5 scfm per dif fuser) . 
The reccHDinended applied^^air rates for these Spar jers, as 
installed, are 8 to 11 scfm/dif fuser. Although the narrow 
range of applied air rates studied may have led to the 
roault of inflignif leant effect of air rate, the Sparjera 
could not be studied at lower air flow rates due to plant 
limitations. As fine bubble dif f users were installed in the 
other five aeration tanks, the butterfly valve could not be 
throttled sufficiently to overcome the difference in head 
losses between the two types of dif f users. 

In Fig. 11, the dispersion coefficients, obtained 
using Sparjera, are plotted against applied air rates. The 

least squares expression (log^log) relating D to Q was 

364 
found to bei D = 398Q^ " , However, the correlation 

coefficient for this regression was 0.378. It can then be 

assumed that the least squeures line has no significance t D 

is then independent of Q as was indicated by the experimental 



FIGURE II 
DISPERSION COEFFICIENT "D" Vs APPLIED AIR RATE "Qa' 
miHB COARSE BUBBLE DIFFUSERS 
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In Fig. 12, the dispersion coeff ieieiita obtained 
wlien using the Sparjers (Table III) and the Precision Tubes 
(Table XX} mre plotted against the applied air rate. A 

log-log regression on this data gave an expreaaion relating 

246 
D to Q_ as follows! D « lOOOQ^ * * The correlation 

coef£ioient for this regress ion was 0.820. The degree of 

niieing appears to be governed only by the quantity of air 

applied and is independent of the means of applying the air. 

When comparing the results obtained with the 
Sparjers and with the Precision Tubes, similar applied air 
rates muat be considered. For the Sparjers then, the 

iignif leant value of the dispersion coefficient obtained 

2 

was 6760 ft /hr. With the Precision Tubes, at this same 

applied air rate, (25.7 scfm/lOOO cu ft tank volume) the 

2 
dispersion coeff ioient that would be obtained is 6700 ft /hr. 

Gonaidering the repeatability error involved in these testa, 

these two dispersion coefficients obtained may be considered 

Identieal . 

In the field tests carried out by Timpany (i9G€|, 
response curves were obtained using a 66 ft long, 30 ft wide, 

and IS ft deep aeration tank equipped with Sparjer diff users. 
With an applied air rate of 22.2 scfm/1000 cu ft tank volume, 
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2 
dispersion coefficients 0f 6310 and 5150 ft /hr were 



obtained. These "D" i?&lmes obtained compare well with the 

2 
significant value o£ O (6760 ft /hr) obtained using Sparjers 

in this study. 

C. Effect of Altering Tank Geometrv 

For tSie two tests using the 135 ft tank, the 
applied air rate per unit tank volvime was the same as that 
used for several of the tests with the 270 ft tank. With 
identical lic[uid bulk velocities, the expected dispersion 
coefficient would then be equal to that obtained on the 270 
ft tank. The dispersion coefficients obtained were 

approximately 0.7 times those obtained in the full length 

2 2 

tank, i.e. 4750 ft /hr compared with 6630 ft /hr. As 

insufficient tests were carried out on the 135 ft tank, it 

could not be concluded whether the altered tank length or 

possible unequal air distribution (greater air applied at 

the influent end) led to the unexpected results. Turbulence 

from the liquid entering the first tank may have also 

provided aii additional degree of mixing. 

The effect of partitioning the 270 ft tank into 
two 135 ft tanks- in-seriea is shown in Fig. 7. As expected, 
the response curve of the partitioned tank shifted towards 
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tJi© plug flow system. An unsueceasful attempt was made to 
predict the response cmrve for the two tanks- In-ser lea using 

tlie dispersion model and the previously obtained disperaion 
Wtti^^ei: of the 135 ft tank, 

D. Effect of Longitudinal Mixing on Performance 
as a Reactor 

WiJ i m. ■ - 1 -r _ , 

It was stated in the IntroduGtion that this 
study was carried out in order to deteraine if ii^gleet of 
the longitudinal dispersion coeffieient would significantly 
affect the predicted reactor performance. The use of the 
dispersion model to predict reactor performance is limited 
to first order reaetions since the tiro® schedule of mixing 
is not knowiip The solutiott of conversion for such first 
order reactions as given in equation (8) is a function of 
D/\a, and kt, a computer progrararae was written to determine 
the extent of reaction (first order) for various mixing 
Imwmlmt ranging from plug flow {B/m - 0} to oomplete 
mixing (D/uL - 1000) , using equation (1) . 

In fig. 13, the effect of mixing level on 
converBion is ihown for kl's of 2.0 and 10.0, fhese ti» 
values were arbitrarily Aosen althoufh a kl figure of 10.0 
approximates that value obtained in a conventional activated 
sludge aeration system. (90?^ removal of siibBtrate for a 



t'fe' :l.-^.-i;At.-.....t.! !■'-■.— ^^,, j^-,^^: ' ^'■.i..-^^mki^j£t:',ii -..aAj:,.- /feSi' ,,. - i-^.:".±^i^^^-Ji^ 



FIGURE IS 
EFFECT OF yiXINQ LEVEL ON CONVERSION FOR VARIOUS K t's 
( FOR FIRST ORDER REACTION ONLY } 
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oonpietely mixed sYsteni gives a kt value of 9.0.) 

Wxma. fig. 13 and uaing a kt of 10.0, it can be 
Been that if compiete miiElng is assumad, the converaion 
expeated would be 90.8%. For tbe test tank studied 
(liSWi ilOil) , tlie D/uL values approxinated 1.0. The actual 
converaion would then be 971ii the error in predict ing 
reaotor ,perfornianca is i.4|^. hm the perfornance error is ' 
on the oonaervative aide, it appears that negleot of the 
dispersion coefficient in predictinf reactor performance 
anounts only to autoiiatia inclusion of a relatively siiall 
■afetf factor in reaotor siiing. 

Also shown in Fig. 13 is the effect of 
partitioning the reactor into two tanks- ini^ser lea. The 

maximmn benefit that could be derived frCTi partitioning 
occurs when the aingle tank is eompletelf mixed. Again, 
for a kt of 10.0, the inereaae in conversion by using two 
tanks- in-series is froin 90,196 to 97.3?^. This effectively 
increases the performanee of the reactor' by 7,2%, aaauning 
a first order reaction { (i7.3-90.e)/90.S x 100%), However, 
if a kt of 2*0 la assumedt then the increase in conversion 
ii from m,m to 7i.0%i an increase of 12.6%. It is 
apparent that shifting towards a plug flow system yields 
'gre<ater advantages for reactions, featuring very low rate 
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constants, short detention tinies, and relatively low degrees 
of conversion. 

In light of the previous discussion, it appears 
that neglect of the longitudinal dispersion coefficient 
(degree of mixing) does not lead to significant error in 
calculating the output of the reactor. The assiuaption of 
complete mixing provides a relatively small safety factor 
in reactor design, yet does not lead to gross over-design 
of biological reactors for waste water treatment systems. 

E. significance of Mixing Levels Determined 

The values of the dispersion cDefficients 

2 
ohtained during this study ranged from 4750 to 7610 ft /hr. 

Timpany (1966), in his teats involving a 66 ft x 30 ft x 15 

ft aeration tank, obtained dispersion coefficients of 6310 

2 2 

and 5130 ft /hr. if a minimum D value of 5000 ft /hr is 

assumed, when considering conventional applied air rates, 

then it can be concluded that most activated sludge process 

aeration tanks could be considered to be completely mixed. 

This does not consider systems wherein the aeration tanks 

are physically compartmentalized into tanks- in-series 

systems. 



The outccMiie of thia tjuantitatiir® inveitigation 
into niixiiig indisates that wueh of the current literatiire 
favouring corapletel;^ mixed mfBtemm appears to be over** 
emphasized and perhaps nisleading. ^is could be especially 
true where " compietely^ixei" sYstems are claimed to be 
designed, fhe advantages of complete mixing are well known 
but it appeals that most activated sludge systems ir^erently 
talte advantage of extensive mixing. In the case of diffused 
air ■YatMnsj the considerable roiKing taking place results 
from the large quantities of air being injected to satisfy 
the oxygen requirements of the process. 

As a result of tibeae high mixing levels 
encountered, perhapi a re»<evaluation of the general 
applicability of tapered and step aeration is required. 
These ooncepts are based on the aaBumptioii that a plug flow 
system is frequently encountered in aeration tanks. If most 
aeration tanks tend towards a oompletely mixed system, then 
the modifications of tapered and step aeration are perhaps 
redundant* 

h moire illustrative example of the degree of 
mixing could be obtained if the suspended solids 
concentration profile along the tank length could be 

determined foi* various values of D/uL. 
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The mixing levels encountered in aeration tanks 
equipped with mechanical aerators should be determined. This 
would include aeration tanks equipped with one aerator and 
those featuring a series of mechanical aerators in adjacent 
bays. For the system featuring multiple aerators in one tank, 
the question of whether sepeurate zones of influence exist at 
each aerator could be resolved. 
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CONCLUSIONS 

1* Tlie dispersion model, plug flow of a fluid with some 

degree of backnixing a uper imposed, accurately describefl 
the eictent of longitudinal mixing in a full scale 

aeratioii ta'nk. eiguipped with air di£fuser.|i... 

2. For an aeration tai^ equipped with air diffusars, the 
peak time technique may be used to predict the 
theoretical response curve that agrees with the 
experimental response curve. Using the dispersion 
model, the theoretical D/uL value is obtained from a 
correlation with the time of peak exit concentration. 

3. The water flow rate has no effect on the dispersion 
coefficient, D, when using fine or coarse bubble 

diff users, over the range of liquid detention times of 
4.8 to 13.3 hr. 

4. Uaing coarse bubble diff us era, the air flow rate had 
no effect on the dispersion coefficient, D, over the 

r^ange of applied a.ir rateii of 13 to. 16 scfm per diff user, 

5« With the fine bubble diffuaers, increasing the applied 
air rate resulted in a diminishing increaae in the 
dispersion coefficient, for the rang@ of applied air 
rates of 2 to 8 scfm per diffittser. 
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6. At identical applied air rates (scfm/1000 ft tank 
volume) , there was no significant difference in the 
dispersion coefficient obtained with the coarse bubble 
diff users compared to that obtained using the fine 
bubble diff users. 

7. For design of activated sludge process aeration tanks 
of length to width ratios of lOil or less, neglect of 
the longitudinal dispersion coefficient will not lead 
to significant error in calculating the output of the 
reactor if complete mixing is assumed. 

8. A re— evaluation of the concept and applicability of 
tapered and step aeration is required when considering 
mixing levels such as those found in this study. 



- S5 - 

RECOMMEND AT IONS 

1. Tracer Btudies should be carried out on aeration tanks 
equipped with mechanical aerators. This would include 
aeration tanks equipped with one aerator and those 
featuring a series of mechanical aerators in adjacent 
bays. For multiple aerators in adjacent bays, it could 
then be determined if separate zones of influence exist 
at each aerator. 

2. The effect of physical compartmentalization of aeration 
tanks on liquid flow patterns should be studied. 
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APPENDIX A 
Nomenc iatur e 
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TABLE IV 
Nomenclature 



a = /l + 4kt (D/\iL) 

C = Exit concentration of tracer at time t (itig/l) 

C = mass of tracer added divided by nominal tank 
voltime (mg/1) 

2 

D = axial dispersion coefficient (ft /hr) 

X = first order rate constant (hr ) 

L =» tank length (ft) 

Q = applied air flow rate (ft /min) 

t = time (hr) 

t = theoretical detention time (hr) 

t = time of peak exit concentration (hr) 
9 

u a bulk velocity along tank length (ft/hr) 

s UL/2D 

X = distance along tank length (ft) 



GREEK 


ffmBOLS 






e 


time divided by 


the theoretical detention time 




calculated from 


tank volume and flow rate. 


^n = 


^I'^'l'^i-'-'-^n 


= cot'' 


1/2 (^n - " ) 



d" 



variance or second moment of a curve about 
its mean 
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